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The Analyser of Space Plasma and Energetic Neutral Atoms (ASPERA-3)
on Mars Express (MEX) has now completed one martian year in orbit. The
experiment has performed very well and has yielded many interesting findings
about the interaction of the solar wind with the planet Mars. ASPERA-3 has
revealed that solar wind plasma and accelerated ionospheric ions may be
observed all the way down to the MEX pericentre (250-300 km) above the
dayside planetary surface. This is quite deep in the ionosphere and atmosphere,
implying strong solar wind plasma forcing. The low-altitude ion energisation and
outflow near Mars is surprisingly similar to that over the strongly magnetised
planet Earth — from narrow ‘mono-energetic’ ion beams to beams with a broad
energy distribution. The distribution of the accelerated plasma suggests both
a direct solar wind energy and momentum exchange, via for instance, waves
produced by the shocked solar wind, and an indirect solar wind interaction
inducing electric currents and fields in a magnetised plasma environment. In the
latter case we also envisage parallel (to the magnetic field) electric currents and
electric fields projected onto regions of crustal magnetisation in the nightside
ionosphere of Mars.
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1. Introduction

Using a novel measurement technique for energetic neutral atoms (ENAs),
ASPERA-3 is exploring a new dimension in the solar wind interaction with
unmagnetised planets. Mars is ‘shining’ in energetic neutral atoms. Part of
this is caused by reflections of inflowing hydrogen ENAs from the solar wind,
but a large fraction is emitted via charge exchange when hot plasma, of solar
wind and planetary wind origin, interacts with the upper atmosphere. In this
chapter we briefly review three ENA phenomena related to Mars — ENA albedo,
ENA jets and ENA occultation. We also discuss another, yet to be explained,
source of ENAs in interplanetary space. This source is most likely related to the
heliospheric boundaries, but other explanations should also be considered.

Solar forcing has a strong impact on Earth-like planets, on a long-term as well
as short-term basis. The solar electromagnetic radiation, from X-rays to infrared,
provides the highest input power to the planetary environment; for Mars, with its
elliptical orbit, the power varies between ~90 and 720 W m2. The corpuscular
(particle flux) power from the solar wind is up to six orders of magnitude less than
that. Yet, it is known that the solar wind plays an important, if not the major, role in
the erosion of the martian atmosphere. The heating of the martian exosphere leads to
a mass loss from Jeans (thermal) escape an order of magnitude less than nonthermal
escape governed by the solar wind with an input power of just ~0.001 W m™2. This
demonstrates that physical processes matter more than sheer power for the escape
of planetary volatiles.

Thermal (Jeans) escape from an atmosphere is determined from a Maxwellian
(thermalised) particle distribution, the escape rate given by the temperature of the
distribution at the exobase and the escape velocity of the object at the exobase.
Theoretically, all particles within a Maxwellian distribution of particles having
velocities above the escape velocity will be lost. Nonthermal escape may be defined
as all other processes where the energisation and escape of particles are related to
(microscopic) nonthermal processes. In our case we define nonthermal escape as the
result of external plasma (solar wind) forcing. All other processes of catastrophic
nature, such as impact erosion by objects infalling from space, are excluded.
Nonthermal escape is not unrelated to thermal escape, because most nonthermal
escape processes are based on photoionisation, i.e. ionisation of the neutral upper
atmosphere. The electromagnetic radiation from the Sun also determines the scale
height of the atmosphere, and correspondingly also the ionosphere and target area for
e.g. solar wind forcing. However, we separate these two mechanisms mainly because
of their differences with respect to solar forcing.

A good illustration of nonthermal escape is the plasma (ion) tail of a comet. The
plasma tail is due mainly to the interaction of the solar wind with ionised cometary
matter. Despite general differences between a comet and a weakly magnetised planet
like Mars, there are many similarities. The main difference between these objects is
gravity. Mars has much stronger gravity that binds volatile substances for billions of
years before being significantly eroded away by the solar wind. The low gravity of
comets means that their atmosphere builds up and expands while approaching the Sun,
leading to rapid erosion by the solar wind. Insertion in an Earth-like orbit would in fact
completely empty a kilometre-sized comet of volatiles in typically one million years.

The direct interaction between the solar wind and the martian atmosphere contrasts
with the indirect interaction of the solar wind with Earth. The radial standoff distance
from Earth is typically 70 000 km in the subsolar region, while it is less than 1000 km
for Mars (Gringauz, 1981). While solar wind energy has only limited access to Earth’s
auroral region, it has access to essentially the entire dayside, and part of the nightside
ionosphere and atmosphere of Mars. The rate of erosion of the ionospheric plasma is
consequently lower for Earth than for Mars.

Phobos 2, launched in July 1988, was the first spacecraft that enabled a quantitative
estimate of the volatile escape from Mars. Based on the energised outflow of HY,
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0%, O3 and COj detected by the ASPERA experiment on Phobos 2 (Lundin et al.,
1989), it was possible to estimate the volatile loss from Mars to ~1 kg s~!. Assuming
for simplicity that the outflow originates from CO, and not from water (oxygen and
proton), we obtain a theoretical atmospheric lifetime of ~200 million years. However,
as indicated by the ion escape data (e.g. Lundin et al., 1989; Norberg et al., 1993;
Carlsson et al., 2005), the dominant ions are O*, and O}, indicating a preference for
loss of water, with CO, molecules disappearing at a much slower rate even though
the CO,/H,O content ratio in the atmosphere is about 1000. Dehydration therefore
appears to be the most efficient process with regard to ion escape, to the extent that it
may even dominate the escape of volatiles from arid planets like Mars.

In this chapter we report on results from the ASPERA-3 investigation after two
years in orbit. Our purpose is not to review the entire volume of 24 papers already
published, plus some 10 more that are in the process of being published, but rather to
offer a flavour of some interesting findings by ASPERA-3. We present results from
all sensors, covering important aspects of the scientific objectives of the ASPERA-3
investigation. We focus on two themes: the solar wind interaction and the ionospheric
plasma escape — the planetary wind, and the energetic neutral particle environment
of Mars.

2.1 Scientific Objectives 2. The ASPERA-3

The scientific objectives of the ASPERA-3 experiment on Mars Express (Barabash Investigation
et al., 2004) are to study the short- and long-term effects of the solar wind interaction

with the martian atmosphere and ionosphere, by means of, first, remote sensing of

energetic neutral atoms (ENAs), enabling us to:

— 1image the global solar wind interaction with the martian ionosphere and
atmosphere;

— characterise quantitatively the plasma interaction with the atmosphere;

— determine the morphology of the global plasma and neutral gas outflow at Mars;
and

— determine the net outflow of ENAs from Mars.

Second, by measuring in situ the hot plasma, it is possible to:

— investigate the transfer of energy, mass and momentum of the solar wind plasma
to the martian ionosphere and upper atmosphere;

— determine the plasma acceleration/outflow from the martian ionosphere, part of
the outflow charge-exchanging to ENAs;

— provide undisturbed solar wind parameters required for the interpretation of ENA
images; and

— determine the rate of ionospheric plasma outflow, the planetary wind.

2.2 The ASPERA-3 Instrument

The ASPERA-3 instrument comprises four sensors, two ENA sensors, and electron
and ion spectrometers. The two ENA sensors are optimised for some of the scientific
objectives while at the same time complementing each other. This approach
provides the necessary redundancy as well as the independent cross-checks that
are necessary for such ‘first-ever’ measurements. The charged particle sensors not
only provide characterisation of the local plasma environment but they also support
ENA measurements in terms of charged particle background and inter-calibrations.
ASPERA-3 consists of four experiments:

The Neutral Particle Imager (NPI) provides measurements of the integral ENA
flux with no mass and energy resolution but with 5° x 11° angular resolution. The
intrinsic field of view is 9° x 344°. The sensor utilises a graphite surface to suppress
the UV background. ENAs incident on the surface at a grazing angle of 20° are
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Fig. 1. The comet-like solar wind interaction
with Mars, showing some of the characteristic
features observed: the deeply corrugated
penetration of the solar wind into the dayside
atmosphere; an induced magnetosphere
boundary (IMB) with the solar wind plasma
outside and planetary plasma (the planetary
wind) inside; and the photoelectron boundary
(PEB) dominated by a cold ionospheric plasma.

3. The Solar Wind
Interaction and the
Planetary Wind
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reflected and/or cause ion sputtering. A micro-channel plate (MCP) stack detects the
reflected particles and sputtered fragments with a discrete anode.

The Neutral Particle Detector (NPD) provides measurements of the ENA
differential flux over the energy range 100 eV-10 keV, resolving H and O with a
coarse 5° x 30° angular resolution. The sensor consists of two identical detectors,
each with a 9° x 90° intrinsic field of view. The measurement technique is based on a
principle similar to that of the NPI, but using in addition a time-of-flight technique that
gives the ENA velocity. The pulse—height distribution analysis of the STOP signals is
used to provide a rough determination of the ENA mass.

The Electron Spectrometer (ELS) provides electron measurements in the energy range
0.01-20 keV. The intrinsic field of view is 10° x 360°. The 360° aperture is divided into
16 sectors. The sensor is a standard top-hat electrostatic analyser in a very compact design.

The lon Mass Analyser (IMA) provides ion measurements in the energy range
0.01-30 keV/Q for the main ion components: H", He™, He", O*, O} and CO?. The
IMA has a 4.6° x 360° field of view. Electrostatic sweeping provides elevation (£45°)
coverage, thus giving coverage of half the unit sphere.

The new results obtained from the ASPERA-3 ion and electron analysers have
considerably improved our understanding of the solar wind interaction with Mars.
Lundin et al. (2004), for instance, noted that the solar wind penetrates deep into the
dayside atmosphere, accelerating ions to high energies even at very low altitudes.
This implies that the entire dayside atmosphere of Mars is under more intense solar
wind forcing than previously believed. The data also suggest that the forcing leads to
a highly corrugated contact surface between the ionosphere and the solar wind. This
may in part be due to spatial/temporal irregularities in the solar wind, but it may also
be related to the patchy crustal magnetisations at Mars (Acufa et al., 1999) and their
associated ‘cusps’ (Krymskii et al., 2002). Ion data from the flank and tail of Mars
suggest many similarities between Mars and comets, i.e. the accelerated outflowing
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ionospheric plasma is quite structured, and the bulk of the flow follows the external
solar wind flow in the anti-sunward direction (e.g. Dubinin et al., 2006).

The morphology of the ionospheric plasma outflow from Mars is shown in Fig. 1.
Most of the accelerated ionospheric plasma outflow is contained inside the induced
magnetosphere boundary (IMB), while the cold ionospheric plasma is contained
inside the photoelectron boundary (PEB). Figure 2 shows ion and electron energy—time
spectra for a MEX dayside pericentre traverse, and illustrates how the IMB and PEB

Fig. 2. Energy—time spectrogram of ions and
electrons (top three panels) and electron
frequency spectra (bottom panel) from a
dayside pericentre (297 km) pass near local
noon, 19 December 2004, illustrating the
presence of the solar wind and energised heavy
ions down to the spacecraft pericentre. The
IMB and PEB boundaries are indicated (after
Lundin et al., 2006b).

Fig. 3. Energy—time spectrogram of electrons
for a periapsis pass into the dayside ionosphere,
showing some the characteristic features, such
as the photoelectron lines, the signature of an
electron anomaly, and the transition into the
sheath (PEB).
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Fig. 4. Morphology of the planetary ion
acceleration and outflow. MEX trajectory
traces with observations of ion acceleration
and outflow are depicted using a cylindrical
coordinate system. IMB marks the average
induced magnetosphere boundary.

Fig. 5. IMI and ELS data from a MEX
pericentre pass on June 21 2004. Right panel,
top: data (counts) of tailward-moving planetary
ions (m/q=16—44 amu). Left panel, centre:
downward-moving electron energy spectra
(counts) and the frequency spectra of electrons,
respectively. The ion and electron flux spectra
in the right panel were taken at 12:56 UT
(Lundin et al., 2006b).

Fig 6. (a) Energy—time spectrogram for
electrons and ions showing plasma acceleration
in the deep nightside. (b) Energy spectra of
oppositely accelerated electron and ion fluxes
in the central tail, taken at 06:55 UT (Lundin et
al., 2006b).
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were identified using ASPERA-3 data. The figure also demonstrates that solar wind
ions protrude all the way down to pericentre (here 300 km). At the same time we
observe energisation of planetary (heavy) ions.

The Electron Spectrometer (ELS) has demonstrated a unique capability to resolve
the fine structure in electron spectra, such as the CO, photoelectron peaks (Frahm
et al., 2000). In Fig. 3, as well as the photoelectron lines in the ‘cold’ ionospheric
plasma, we can also observe the ‘magnetic anomaly’ features first discovered by the
Mars Global Surveyor (MGS; Acufia et al., 1999; Mitchell et al., 2001). The magnetic
anomalies, caused by crustal magnetisations at Mars, are of particular interest for the
solar—planetary relationship. The high energy and time resolution of the ELS is a very
important asset for understanding the plasma environment of Mars.

The energisation and escape of planetary ionospheric ions were discussed in detail
in several papers in a special issue of Icarus (vol. 182(2)) in 2006. We present here an
extract of the energisation and outflow from a study covering the dayside, flank and tail
of Mars (Lundin et al., 2006b). Fig. 4 illustrates the locations of observed energisation
and outflow; note that most of the observations are made within the average magnetic
pile-up boundary (MPB)/IMB boundary. An example of a dayside/flank ion energisation
of heavy ions associated with what was termed ‘streaming’ electrons of magnetosheath
origin is shown in Fig. 5. The outflows of H" and O" are substantially heated, with beam
temperatures reaching several hundred eV. This should be compared with ionospheric
ion temperatures of typically <1 eV. Thus, heating, possibly by waves (Espley et al.,
2005; Winningham et al., 2006), is an important ionospheric plasma energisation and
escape process in the dayside and flank of Mars.

Further downstream, inside the tail cavity of Mars, the ion energisation characteristics
are quite different from those in the dayside and flank. Observations from Phobos-2
suggested accelerated narrow/cold beams inside a ‘plasma sheet’ (Lundin et al., 1992).
Dubinin et al. (1993) considered the ion acceleration to be due to the solar wind motional
emf. ASPERA-3 measurements inside the tail cavity, as shown in Fig. 6, suggested
slightly different, more Earth-like, plasma acceleration processes. The narrowly peaked
ion and electron spectra and the ‘inverted V’-like energy—time spectra, as observed in
Fig. 6, suggested plasma acceleration by magnetic field aligned electric fields. Mars
lacks a strong intrinsic magnetic dynamo, but has instead confined magnetised regions
dispersed in the crust (Acuna et al., 1999). The multi-pole magnetisation pattern on
Mars implies that magnetic cusps are formed (Krymskii et al., 2002) that extend into
space. In analogy with Earth, it was therefore believed that magnetic field-aligned
plasma acceleration, and a discrete aurora, would occur above Mars. With Mars
Express we have now confirmed the characteristic plasma acceleration and auroral
emissions in the nightside of Mars (Bertaux et al., 2005; Lundin et al., 2006a). Mars
Global Surveyor (MGS) has also confirmed the existence of field-aligned electric
currents associated with the auroral electron acceleration above Mars (Brain et al.,
2006). Figure 7 (after Lundin et al., 2006a) shows a diagrammatic representation of the
field acceleration of ions and electrons, constituting what is known from Earth as the
‘auroral acceleration process’.

The composition of the ion outflow from Mars reflects the depth of solar forcing
in the martian ionosphere. A study of the ion outflow composition by Carlsson et al.
(2006) indicated almost equal amounts of O* and O3, with CO} contributing 10% to
the outflow. More comprehensive statistics may show that the O3 abundance is higher.
Figure 8 shows ASPERA-3 ion composition data (Lundin et al., 2006b) combined
with an ionospheric density and ion composition profile determined by the Viking-1
lander (Hansson et al., 1977). Note that the accelerated ion composition of the outflow
in 2004 was similar to the ionospheric composition in the altitude range 230-250
km as measured by Viking-1 in 1974. These two observations were made 20 years
apart, but both were made during the declining phase of solar activity. The general
conclusion from this, based on the composition of the ion outflow, is that solar forcing
extends down to quite low altitudes in the ionosphere of Mars, where molecular
ionospheric ions can also be accelerated.
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Fig. 7. Auroral plasma acceleration above

the magnetic anomalies at Mars. A cusp/cleft

aurora is expected to occur between adjacent

anomalies, and a halo aurora to circumscribe

the large-scale region of crustal magnetisation
(Lundin et al., 2006a).

Fig. 8. Left: Ion mass spectra illustrating

the composition of the ionospheric outflow
from Mars, with 042, most abundant, followed
by O" and CO} (Lundin et al., 2006b). The
composition is similar to that observed by
Viking 1 at an altitude of about 240 km (figure
from Hanson et al., 1977).

4. The Energetic Neutral
Environment of Mars
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From simulations of the martian ENA environment (e.g. Kallio et al., 1997; Holmstrom
et al., 2002) it was expected that the ENA environment would encompass many
interesting aspects of the solar wind interaction with Mars. The data have confirmed
some of our simulation results, but they have also revealed many novel characteristics
and new aspects. The latter is no surprise, considering how new and unexplored the
ENA environment of Mars is. In the following we present some new discoveries by
ASPERA-3 on Mars Express. The discoveries are all at such an early stage that it
will take some time before their implications can be fully revealed. Four topics are
briefly described here: (1) solar wind ENA albedo; (2) dayside ENA jets; (3) ENA
occultation; and (4) an unknown source of interplanetary ENAs. Figure 9 illustrates
the martian ENA environment based on ASPERA-3 observations (topics 1-3).
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Fig. 9. The three main regions of ENA
generation at Mars: 1, solar wind ENA
albedo; 2, ENA ‘jets’; and 3, tail/cavity ENA
occultation.

\
S \

Solar

3. ENA occult.

"Solar” ENA —>

-’
£
1.ENA
albedo # X
I N
2.ENAjet v '\ ™\ O IMB
YAYNLY 2

4.1 Solar Wind ENA Albedo

The solar wind has an energetic neutral hydrogen component originating from two
sources, the solar ‘atmosphere/exosphere’, and via charge exchange with interplanetary
and interstellar neutrals. Energetic neutral hydrogen is always generated via charge
exchange — a process whereby an incident ion (singly charged) picks up an electron
from a (cold) neutral atom. The electron pick-up leads to a fast neutral atom and an
ionised target atom. Charge exchange is therefore an ionisation as well as a conversion
process — converting fast ions to fast neutrals. The results of solar wind ions impacting
into the upper atmosphere of Mars are to contribute to the ionisation of the dayside
atmosphere, as well as to produce a ‘radiating’ flow of ENAs. The flow of ENAs
produced by ion collision with the martian atmosphere therefore adds to the incident
solar wind ENA flow, both having the same energy as the solar wind because the
energy loss in the charge exchange process is negligible. An interesting aspect of the
ENA albedo is that it mimics the ion precipitation at Mars, enabling mapping of the
dayside particle precipitatBackscattered ENAs are produced when the incident ENAs
reach the exobase of Mars, experience elastic and inelastic collisions (Kallio and
Barabash, 2000), and some of them are scattered back into space. Kallio and Barabash
(2001) used a three-dimensional Monte Carlo model to investigate backscattered
ENAs. They found a backscattering ratio of 0.58, the average energy of backscattered
ENAs being ~60% of that of the incident ENAs.

Using the NPD instrument, Futaana et al. (2006a) measured backscattered ENAs
from the martian upper atmosphere. This was the first observation of backscattered
ENAs from the upper atmosphere of an unmagnetised planet. Figure 10 shows an
example of such an observation. The left panel gives a 3D geometry of the MEX orbit
and the NPD field of view (FOV) at 19:50 UT and 19:55 UT on 27 February 2004 in
the Mars Solar Orbital (MSO) coordinate system. The white line represents the Mars
Express trajectory, and the solid angles correspond to the NPD-2 FOVs. The right
panels in Fig. 10 display NPD-2 time-of-flight (TOF) spectra integrated over the 5 min
observation time for each direction. The dashed lines indicate the background count
levels in each direction as defined by the low-energy channel. The TOF distribution
has a broad spectrum at 150-500 ns (0.2-2.3 keV/amu), with a sharp peak embedded
at 150-300 ns (0.6-2.3 keV/amu). We note here that the shocked solar wind protons
detected by IMA during inbound into the sheath had energies of ~2 keV. This result
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Fig. 10. Observations of backscattered ENAs
(from Futaana et al., 2006b). Left panel:

the MEX orbit and field of view of the NPD
measurements. Right panels: TOF spectra
for two directions integrated over the 5 min
observation period.
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is consistent with the ENAs originating from the solar wind interaction with Mars.
Futaana et al. (2006a) inferred on basis of their observations a global backscattered
ENA emission of ~107 cm™2 s7!.

4.2 Dayside ENA Jets

The NPD and NPI sensors also detected a substantial flux of ENAs in the azimuthal
direction (Gunell et al., 2006; Futaana et al., 2006b). They reported ENA signals coming
from the dayside IMB—magnetosheath interface. By comparing the NPI data and an ENA
generation model in the shocked solar wind, Kallio et al. (1997) concluded that they
are the ENAs of shocked solar wind origin. On the other hand, Futaana et al. (2006b)
measured the ENA flux emitted from the subsolar region using the NPD instrument, and
named the outflow subsolar ENA jets, because the flux emission is highly directional
from the subsolar region. Subsolar ENA jets may originate from two sources:

— Shocked solar wind protons charge-exchanging with planetary neutral atoms
(Holmstrom et al., 2002) — the shocked solar wind is highly deflected in the subsolar
region, and the velocity vector of the shocked solar wind flow points towards the
azimuthal direction. When converted to ENAs, they form a subsolar ENA jet.

— Accelerated protons originating from hydrogen atoms in the martian upper
atmosphere — the acceleration takes place in the exosphere by the solar wind
interaction. The accelerated protons may subsequently charge-exchange back to
ENAs (Lichtenegger et al., 2002).

In both cases, jets may be produced near local noon, in a region subject to head-on
solar wind forcing. An opportunity to reveal in more detail the geometry and the cause
of the ENA jets came during the passage of an interplanetary shock that displaced the
ENA source region (Futaana et al., 2006¢). During this event the NPD data exhibited
an extremely high-flux ENA jet. The observed flux was approximately five times
higher than typical fluxes, and decreased abruptly in a very short time, less than 10 s,
when the spacecraft crossed an outer boundary of the ENA jet. The generation region
of the subsolar ENA jet was pushed towards the planet by the interplanetary shock, as
shown in Fig. 11. Mars Express subsequently went into and out of the ENA jet region
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in a quasi-periodic fashion, suggesting a global ‘vibration’ induced by the external
interplanetary shock pulse.

4.3 ENA Occultation

ENA occultation measurements were carried out when the ENA (IMI) imager on
MEX moved into the Mars eclipse (Brinkfeldt et al., 2006). In the course of this
movement the solar wind ions charge-exchange with the extended Mars exosphere
and produce ENAs that can spread into the eclipse of Mars due to the ions’ thermal
spread. The IMI measurements showed a persistent signal from the solar direction
for several minutes as the spacecraft moved into the eclipse. The geometry of the
occultation experiment is shown in Fig. 12, which also illustrates how the data from
three NPI sectors were analysed. The UV background in the data was carefully
analysed, and the photon illumination of the spacecraft was inferred from the presence
of photoelectrons in the ELS electron data. The upper panel of Fig. 13 shows IMI
and ELS data during one occultation event; the spacecraft motion into the eclipse is
clearly evident from the drop in the UV background in IMI and a corresponding drop
in the number of photoelectrons. The remaining NPI signal in eclipse originates from
the thermal spread of solar wind charge-exchanged ENAs. The lack of correlation
between electron and NPI data in eclipse, as shown in the bottom panel in Fig. 13,
indicates that ENAs dominate the NPI signal.

The above measurements agree with simulations and a theoretical analysis by Kallio
et al. (2006) of an ENA beam propagating through the atmosphere near the therminator
of Mars. The measurements are considered a precursor to a new technique, called ENA
sounding, for measuring the properties of the solar wind and planetary exosphere by
means of energetic neutral particles.

4.4 An Unknown Source of Interplanetary ENAs

We noted above that ENAs are generated at the Sun, in interplanetary space (charge
exchange with interplanetary and interstellar neutrals), and near planets (charge
exchange with a planetary atmosphere). In principle, ENAs are generated whenever
hot plasma interacts with a neutral gas. ENAs may subsequently ‘radiate’ away like
photons, affected only by gravity (marginally) and particle collisions. At sufficiently

Fig. 12. A view of the orbit geometry with the
field of view of NPI sectors 20-22 at 11:18:30
UT during orbit 343, 27 April 2004. The plot is
in cylindrical coordinates (see text). UT hours
are included in the plot. Distances are in Mars
radii (R, = 3397 km). The area between the
bow shock (BS) and the induced magnetosphere
boundary (IMB) is referred to as the
magnetosheath (Brinkfeldt et al., 2006).
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Fig. 13. Top panel: comparison of particle
fluxes measured by NPI and ELS when entering
eclipse. The ELS flux is integrated between 5
and 10 eV, and is a measure of photoelectron
production on the spacecraft surface. It can
thus give an indication of the UV background.
Lower panel: the normalised NPI flux versus
the normalised ELS flux. No correlation is
observed (Brinkfeldt et al., 2006).
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high velocities the ENAs may travel unperturbed for very long distances. ENA
imaging, a concept that originates from Roelof et al. (1985), constitutes a means to
study remotely hot plasma processes whenever hot plasma interacts with a neutral gas.
The technique has evolved substantially since then, and has been utilised in missions
to Earth’s magnetosphere, such as Astrid 1 (Barabash et al., 1997) and Image (Burch,
2000), and now also on Mars, Venus and Titan (e.g. Mitchell et al., 2005).

The concept of plasma—neutral interaction has indeed much wider applications,
and has led to speculation about its astrophysical implications. A more ‘modest’
speculation is the generation of heliospheric ENAs. Heliospheric ENAs are expected
to be predominantly hydrogen neutrals produced on the far side of the termination
shock in the inner heliosheath, where the solar wind slows down to subsonic speed.
Heliospheric ENAs are produced by charge exchange between solar wind protons and
interstellar neutrals, resulting in a detectable flux of inward-moving ENAs from the
inner heliosheath (e.g. Gruntman et al., 2001). Imaging these ENAs and their energy
spectra may help our understanding of the interaction of the heliosphere with the local
interstellar environment.

Previous observations indicated the existence of energetic (keV) interplanetary
neutrals (e.g. Collier et al., 2004). The NPD and NPI instruments were used to
confirm and analyse the properties of such interplanetary ENA sources. An immediate
problem is to distinguish between interplanetary neutrals and other (e.g. planetary)
ENA sources. The first, and best, opportunity to study such sources occurred during
the cruise phase. Barabash et al. (2004) reported the first data on keV neutrals that
suggested a heliospheric or possibly exterior/interstellar origin. This was followed
by studies combining cruise data and data in orbit around Mars by Holmstrom et al.
(2006) and Galli et al. (2000).

Holmstrom et al. (2006) used NPI to observe ENA and UV fluxes in the shadow
of Mars in 2004 and 2005. They were able to identify one signal that shifted position
between those years, indicating that there are ENAs in this signal that are not related
to the Mars—solar wind interaction. In addition, ENAs are seen in the eclipse that do
emanate from the Mars—solar wind interaction, judging from the direction from which
they came (near the limb of Mars). Figure 14 shows the evolution of the galactic plane
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signal over time; we see a clear change in the signal at around —45° longitude. This
change is present even if we look only at counts from the hemisphere away from Mars,
excluding a Mars-related source (right).

Galli et al. (2006) used the NPD sensors to measure the energetic neutral hydrogen
over a time range of 10 months when Mars was well out of the field of view. Figure 15
shows a typical example of an energy spectrum of non-planetary origin, reconstructed
from NPD-2 data measured on 10 July 2003 during the cruise phase. A two-composite
power law characterises the energy spectra with a moderate decrease at low energies.
The break occurs close to 0.8 keV, with a steeper slope towards higher energies.

Figure 16 shows variations in the integral flux with ecliptic longitude. The Sun
is moving relative to the local interstellar medium towards 255° at about 25 km s™!.
This results in a stream of low-energetic hydrogen and helium neutrals flowing from
this direction towards the Sun (Witte, 2004; Lallement et al., 2005). The ENA signal
measured by ASPERA-3, in contrast, seems to increase in integral flux between 30° and
90°, around the anti-apex direction, with a low-signal zone extending from 180° to 300°.

The source of the ENA signal observed by NPD as well as NPI is yet to be
identified. There has to be a mechanism that produces neutral hydrogen fluxes in the
order of 10°-10°5 cm2 sr! s7!, with velocities of around 400 km s~!. These velocities
are an order of magnitude higher than the relative motion of the Sun through the local

Fig. 14. Evolution of the galactic plane signal
measured by NPI during 2005 (galactic
coordinates). Right: the signal with all
observations in the hemisphere of directions
centred at Mars removed (Holmstrom et al.,
2006)

Fig. 15. Integral ENA flux versus direction

of origin. The plot shows all measurements
whose spectral shape fits the class described

in section 4.4. The arrows at 255° and 267°
ecliptic longitude denote the arrival direction of
the interstellar neutral flow and the direction
toward the galactic centre (Galli et al., 2006).
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Fig. 16. Typical example of a non-planetary
ENA signal (TOF, top panel) and derived flux
energy spectrum, measured during the cruise
phase (Galli et al., 2006).

5. Conclusions
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interstellar cloud. The direction of highest fluxes of ENAs lies between 90° to 180°
away from the direction of the interstellar neutral flow (Witte et al., 2004) and from
the galactic centre.

ASPERA-3 has made a number of interesting new findings, most of them on the solar
wind interaction with Mars, its ionosphere and atmosphere, but one of them related
to the generation of ENAs in interplanetary space. These findings and their related
consequences can be summarised as follows:

— The solar wind plasma may penetrate deep into the dayside ionosphere and
atmosphere, 250-300 km, leading to strong solar wind forcing and the acceleration
and outflow of planetary ions.

— Despite the lack of a strong intrinsic magnetic field, the low-altitude ion
energisation and outflow from Mars are surprisingly similar to the ion energisation
and outflow over Earth — from narrow ‘mono-energetic’ ion beams to beams with
a broad energy distribution.

— The distribution of the planetary wind ions suggests two major acceleration
processes: (a) direct solar wind energy and momentum exchange, via ion pickup
and/or waves produced by the shocked solar wind, and (b) by ‘auroral plasma’
acceleration processes such as field-aligned electric fields in magnetic ‘cusps’
over nightside crustal magnetisation regions.

— Observations of plasma acceleration, ions upward and electrons downward,
in confined cusp-like regions near local midnight, confirm the existence of an
‘equatorial aurora’ at Mars.

The ASPERA-3 ENA instruments have also made it possible to study completely new
aspects of the solar wind interaction with an unmagnetised planet. Mars is ‘shining’
in energetic neutral atoms as a result of the solar wind interaction. Four aspects of the
ENA emissions have been discussed:

— The backscattered/albedo of ENAs is caused in part by a reflection of inflowing
hydrogen ENAs from the solar wind, but also via charge exchange when hot
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plasma, of solar wind and planetary wind origin, interacts with the upper
atmosphere.

— Subsolar ENA jets may originate from either shocked solar wind protons charge-
exchanging with planetary neutral atoms, or accelerated protons originating from
hydrogen atoms in the martian upper atmosphere.

— ENA occultation, representing a new technique called ENA sounding, can be used
to measure solar wind and planetary exosphere properties by means of energetic
neutral particles passing through the upper atmosphere/exosphere.

— Interplanetary/interstellar ENAs in the keV range, a completely new source of
ENAs, are possibly generated in the heliosphere outside the termination shock.
This observation introduces a new aspect of stellar objects in Universe, the
possibility of these objects emitting, ‘shining’, substantial flows of energetic
neutral atoms. This ‘ENA shine’ clearly must have an impact on astrophysics,
and on how we conceive stellar objects in general and stellar spheres in
particular.

In conclusion, we can now state that after two Earth-years in orbit around Mars,
ASPERA-3 has been a great success. Since completion of this review, 22 papers based
on ASPERA-3 data have been published in journals such as Science, Icarus, Planetary
and Space Sciences and the Astrophysical Journal, and many more are pending. In
view of the lead time involved, the number of publications after two years of data
taking can be considered outstandingly high. ASPERA-3 has been a major success for
its investigators, as well as for ESA and the Mars Express project.
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